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ABSTRACT
Barium (Ba) dwarfs and CH subgiants are the less-evolved analogues of Ba and CH giants. They are F- to G-type main-sequence
stars polluted with heavy elements by a binary companion when the latter was on the Asymptotic Giant Branch (AGB). This
companion is now a white dwarf that in most cases cannot be directly detected. We present a large systematic study of 60 objects
classified as Ba dwarfs or CH subgiants. Combining radial-velocity measurements from HERMES and SALT high-resolution spectra
with radial-velocity data from CORAVEL and CORALIE, we determine the orbital parameters of 27 systems. We also derive their
masses by comparing their location in the Hertzsprung-Russell diagram with evolutionary models. We confirm that Ba dwarfs and
CH subgiants are not at different evolutionary stages and have similar metallicities, despite their different names. Additionally, Ba
giants appear significantly more massive than their main-sequence analogues. This is likely due to observational biases against the
detection of hotter main-sequence post-mass-transfer objects. Combining our spectroscopic orbits with the Hipparcos astrometric
data, we derive the orbital inclinations and the mass of the WD companion for four systems. Since this cannot be done for all systems
in our sample yet (but should be with upcoming Gaia data releases), we also analyse the mass-function distribution of our binaries.
We can model this distribution with very narrow mass distributions for the two components and random orbital orientation on the
sky. Finally, based on BINSTAR evolutionary models, we suggest that the orbital evolution of low-mass Ba systems can be affected
by a second phase of interaction along the Red Giant Branch of the Ba star, impacting on the eccentricities and periods of the giants.
Key words. stars: late-type - stars: chemically peculiar - stars: binaries: spectroscopic - techniques: spectroscopic
1. Introduction
Barium (Ba) stars or Ba ii stars, as they were originally named,
are G- and K-type giants with peculiarly strong absorption
lines of slow-neutron-capture (s)-process elements in their spec-
tra in combination with enhanced CH, CN and C2 molecular
Send offprint requests to: A. Escorza,
e-mail: ana.escorza@kuleuven.be
? Based on observations carried out with the Flemish Mercator Tele-
scope at the Spanish Observatorio del Roque de los Muchachos (ORM,
La Palma, Spain), the Swiss 1m-telescope at Haute Provence Observa-
tory (OHP, France) and the 1.54-m Danish telescope and the Swiss 1.2m
telescope at the European Southern Observatory (ESO, La Silla, Chile).
?? Based on observations obtained with the HERMES spectrograph,
which is supported by the Fund for Scientific Research of Flanders
(FWO), Belgium, the Research Council of KU Leuven, Belgium,
the Fonds National de la Recherche Scientifique (F.R.S.-FNRS), Bel-
gium, the Royal Observatory of Belgium, the Observatoire de Genève,
Switzerland and the Thüringer Landessternwarte Tautenburg, Germany.
bands. They were first identified as chemically peculiar by Bidel-
man & Keenan (1951), who discussed their distinctive spectro-
scopic characteristics and particularly stressed the extraordinary
strength of the resonance line of ionised barium at 4554 Å. The
resulting overabundance of barium and other s-process elements
on the surface of red giant stars could not be explained from an
evolutionary point of view because the s-process of nucleosyn-
thesis takes place in the interiors of Asymptotic Giant Branch
(AGB) stars. Ba giants occupy the first giant branch (RGB) or
the Red Clump (Escorza et al. 2017; and references therein) and
are hence not advanced enough in their evolution to produce and
dredge up s-process elements.
However, Ba stars are now understood to originate from a
binary evolution channel. According to this formation scenario,
the carbon and the s-process elements were transferred to the
current primary from a more evolved companion when the latter
was in its AGB phase. This implies that the companions of Ba
stars are white dwarfs (WD). The presence of these WD compan-
Article number, page 1 of 25
ar
X
iv
:1
90
4.
04
09
5v
1 
 [a
str
o-
ph
.SR
]  
8 A
pr
 20
19
A&A proofs: manuscript no. dBa_orbits
ions has since been indirectly and directly supported. For exam-
ple, Webbink (1986), McClure & Woodsworth (1990), Jorissen
et al. (1998), Merle et al. (2016), and Jorissen et al. (2019) found
that the mass-function distribution of Ba giants is consistent with
a narrow distribution of companion masses peaking at 0.6 M.
Additionally, Böhm-Vitense et al. (1984, 2000), and Gray et al.
(2011), among others, detected UV excess flux from some Ba
star systems which can be attributable to a WD companion.
The orbital properties of Ba giants (gBa) have been inten-
sively and systematically studied (e.g McClure 1984; McClure
& Woodsworth 1990; Udry et al. 1998a; Jorissen et al. 1998,
2016, 2019) since they are a prototypical family of post-mass-
transfer low- or intermediate-mass binary systems. A remaining
long-standing problem concerning these objects is that binary
evolutionary models cannot account for their observed orbital
properties. Distributions of observed periods and eccentricities,
and abundances of s-process elements are not well reproduced
by these models (e.g., Pols et al. 2003, Bonacˇic´ Marinovic´ et al.
2008, Izzard et al. 2010). This is a common problem among post-
interaction binary systems, such as post-AGB stars (e.g., Oomen
et al. 2018), CH stars (e.g., McClure & Woodsworth 1990),
carbon-enhanced metal-poor stars (e.g., Izzard et al. 2010, Joris-
sen et al. 2016, Abate et al. 2018), blue stragglers (e.g., Mathieu
& Geller 2015), symbiotic stars (e.g., Mikołajewska 2012), and
subdwarf B-type binaries (e.g., Vos et al. 2017).
CH stars are closely related to Ba stars and are seen as their
Population II analogues. They are also evolved stars with simi-
lar enhancement of s-process elements and strong CH molecular
bands. However, they have overall weaker metal lines because
they belong to an older and more metal-deficient population.
They were identified as chemically peculiar for the first time by
Keenan (1942).
At lower luminosities, dwarf barium (dBa) stars have been
much less intensively studied. They are thought to be the less
evolved analogues of barium giants as they are F- or G-type
main sequence stars with the same enhancement of carbon and
heavy elements (North & Duquennoy 1991, North & Lanz 1991,
Jorissen & Boffin 1992, North et al. 1994, North et al. 2000).
Similarly, subgiant CH stars (sgCH), which were first identi-
fied by Bond (1974), are the low-metallicity counterparts of bar-
ium dwarfs and historically thought to be slightly more evolved.
However, the distinction between these two subclasses is not
very straightforward. We recently suggested that there is no sep-
aration between subgiant CH stars and dwarf Ba stars in the
Hertzsprung–Russell diagram (HRD), contrary to what is im-
plied by their designations (Escorza et al. 2017).
In this paper, we focus on the stellar and binary proper-
ties of Ba dwarfs and CH subgiants. We combine new radial-
velocity measurements obtained from high-resolution spectra
with archival radial-velocity data and determine the orbital pa-
rameters of a sample of these objects. In this way, we signifi-
cantly increase the number of known orbits of main sequence
and subgiant Ba and CH stars, and we can compare these pop-
ulations with their evolved analogues. We describe the stellar
sample and the data sets in Sect. 2 and our method to deter-
mine the best orbital solution in Sect. 3. The results are pre-
sented in Sect. 4, where we also describe some individual tar-
gets that deserve special attention. Additionally, in Sect. 5, we
use stellar parameters derived from high-resolution spectra and
the distances derived by Bailer-Jones et al. (2018) from Gaia
DR2 parallaxes (Lindegren et al. 2018) to plot our targets on
an HRD and derive their masses by comparing their location
with STAREVOL evolutionary models (Siess et al. 2000; Siess
& Arnould 2008). Finally in Sect. 6, we discuss the stellar and
Fig. 1. Relation between the B − V index of the stars and the radial-
velocity offset applied on the old CORAVEL data to make it compatible
with datasets tied to the new ELODIE system.
orbital properties of our main sequence stars and compare them
with a well-studied sample of Ba giants. We also analyse the
derived binary mass-functions to obtain information about the
WD companion. For four of our objects, we derive absolute WD
masses using orbital inclinations obtained by reprocessing Hip-
parcos astrometric data. Finally, we use BINSTAR binary evolu-
tion models (Siess et al. 2013a) to explore the evolutionary link
between our main sequence and subgiants stars and the better-
known Ba and CH giants.
2. Sample overview and data description
In 1984, a monitoring campaign of barium and related stars
was initiated with the CORAVEL spectrometers (Baranne et al.
1979). Some results of this programme were presented in Joris-
sen & Mayor (1988), Jorissen et al. (1998) and Udry et al.
(1998a). Due to the long periods of some of these binaries, the
CORAVEL monitoring was not long enough to derive the or-
bital parameters of all the objects in the sample. Several years
after the CORAVEL programme was interrupted, the monitor-
ing of these families of binaries was resumed with the HER-
MES spectrograph (Raskin et al. 2011). Combining the older
CORAVEL radial-velocity measurements with the more recent
HERMES data, the total time coverage amounts to more than
30 years, and a full orbital cycle can now be covered for some
long-period binaries for the first time. The combination of these
two data sets has proven successful in past studies (e.g., Joris-
sen et al. 2016; Oomen et al. 2018). Additionally, thanks to the
higher accuracy of the HERMES radial velocities, systems with
much lower-amplitude radial-velocity variations could also be
revealed. The HERMES spectrograph is limited to observing ob-
jects with declination & - 30◦ thus, the southern objects in our
sample were observed with the 11-m Southern African Large
Telescope (SALT; Buckley et al. 2006; O’Donoghue et al. 2006).
2.1. Radial-velocity measurements with CORAVEL and
CORALIE
The monitoring campaign of Ba stars started with data from the
two CORAVEL spectrometers: one installed on the 1-m Swiss
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telescope at the Haute-Provence Observatory for the northern
sky and the other installed on the 1.54-m Danish telescope at
ESO - La Silla (Chile) for the southern sky (Baranne et al.
1979). The CORAVEL radial velocities were obtained by cross-
correlation and Gaussian-fitting techniques, on the data obtained
via the instrument, which has a hardware spectral mask based
on a spectrum of Arcturus (K1.5III; see Baranne et al. 1979,
Duquennoy et al. 1991 or Udry et al. 1998a for more details).
The radial-velocity standard stars used to fix the zero-point
of the HERMES spectrograph are tied to the ELODIE velocity
system (Udry et al. 1999). However, some of our CORAVEL
radial velocities are from before 1999 and are tied to an old ve-
locity system, previous to the ELODIE system. Hence, a zero-
point offset needs to be applied to these old measurements in
order to convert them to the ELODIE system and combine them
with HERMES data. Fortunately, we could access reprocessed
pre-1999 CORAVEL data for some objects and use the differ-
ence between the reprocessed and the uncorrected data to define
an offset for the rest of the stars. The zero-point offset depends
on the B-V index (Udry et al. 1999) and Fig. 1 shows the re-
lation that we obtained and applied to our other targets. Note
that the scatter is not larger than the average CORAVEL error-
bar (∼ 0.3 km s−1).
Additionally, a few objects have also been observed with the
CORALIE spectrograph, installed on the Swiss 1.2-metre Leon-
hard Euler Telescope at ESO - La Silla (Chile) after CORAVEL
was decommissioned in 1998. For one target, HD 48565, we
also have four radial-velocity measurements from ELODIE, an
echelle spectrograph installed at the Observatoire de Haute-
Provence 1.93m reflector in south-eastern France.
2.2. Radial-velocity monitoring with the HERMES
spectrograph
The targets with declinations higher than -30◦ have been ob-
served with HERMES, the state-of-the-art fiber echelle spectro-
graph mounted on the 1.2-m Flemish Mercator telescope at the
Spanish Observatorio del Roque de los Muchachos in La Palma.
These targets are part of the long-term monitoring program of
binaries (Gorlova et al. 2013) carried out with this instrument
thanks to the agreement reached by all consortium partners (KU
Leuven, Université libre de Bruxelles, Royal Observatory of Bel-
gium, Observatoire de Genève and Thüringer Landessternwarte
Tautenburg). As shown by many studies, scientific advancement
in the study of evolved wide binaries is only made possible by
regular long time-base monitoring, such as that guaranteed by
HERMES@Mercator (e.g., Van Winckel et al. 2010, Vos et al.
2015, Manick et al. 2017, Oomen et al. 2018).
The instrument, which is fully described in Raskin et al.
(2011), covers a spectral range from 380 nm to 900 nm and
has a spectral resolution of about 85 000 for the high-resolution
science fibre. The temperature-controlled environment ensures a
good long-term stability of the radial velocities. The radial ve-
locities are obtained by performing a Gaussian fit on the cross-
correlation function (CCF) obtained with a spectral mask match-
ing the spectral type of the target stars. In our case, depending
on the spectral type reported in the literature, we used the F0
or G2 masks in orders 55-74 (478 nm - 653 nm), as these give
the best compromise between absence of telluric lines and max-
imum signal-to-noise ratio for F-G-K type stars.
Crucial to obtain accurate radial velocities is the wavelength
calibration of HERMES. Two lamps (ThAr and Ne) are used to
obtain several wavelength reference exposures over the night to
correct for the possible pressure drifts (see Fig. 9 of Raskin et al.
2011). Additionally, the long-term accuracy may be estimated
from the stability of RV standard stars (from the list of Udry et al.
1999) monitored along with the science targets. The distribution
of the radial-velocity standards gives a 1σ dispersion of 63 m s−1
(see Fig. 10 of Raskin & Van Winckel 2014), which we adopt
as the typical uncertainty on the radial velocities over the long
term.
2.3. Radial velocities with SALT HRS
We complemented our data sets with spectra obtained with the
SALT High Resolution Spectrograph (HRS; Bramall et al. 2010,
2012; Crause et al. 2014). The targets were included as poor-
weather targets in the SALT programme 2017-1-MLT-010 (PI:
Miszalski; see e.g. Miszalski et al. 2018a and Miszalski et al.
2018b). The HRS is a dual-beam, fibre-fed echelle spectrograph
enclosed in a vacuum tank located in an insulated, temperature
controlled room of the 11-m Southern African Large Telescope
(Buckley et al. 2006; O’Donoghue et al. 2006). The medium res-
olution (MR) mode of HRS was used and the spectra covered a
wavelength range from 370 nm to 890 nm with resolving pow-
ers R = λ/∆λ of 43 000 and 40 000 for the blue and red arms,
respectively. Regular bias, ThAr arc and quartz lamp flat-field
calibrations are taken. The basic data products (Crawford et al.
2010) were reduced with the MIDAS pipeline developed by Kni-
azev et al. (2016) which is based on the ECHELLE (Ballester
1992) and FEROS (Stahl et al. 1999) packages. Heliocentric cor-
rections were applied to the data using VELSET of the RVSAO
package (Kurtz & Mink 1998). We used the same spectral masks
that we used to derive the radial velocities for the HERMES
spectra by means of a Gaussian fit to the CCF.
To make sure we could combine our datasets meaning-
fully, in 2018 we observed a radial-velocity standard star with
both SALT HRS and HERMES. We chose HD 156365 be-
cause its declination δ∼ - 24◦ makes it observable with both
instruments. In the catalogue of radial-velocity standard stars
for Gaia (Soubiran et al. 2013), the radial-velocity measure-
ments of HD 156365 range from -13.06 to -13.11 km s−1. We
obtained RVSALT HRS = −13.30 ± 0.17km s−1 and RVHER18 =
−12.98 ± 0.07km s−1. In the data archive of HERMES, there
was another spectrum of this star from 2013 for which we ob-
tained RVHER13 = −13.08 ± 0.07km s−1. We conclude that this
limited experiment shows a slight offset of about 260 m s−1 be-
tween SALT HRS and HERMES. As, however, the amount of
HERMES and CORAVEL observations is so large, we decided
not to apply any systematic offset to the SALT-HRS data.
2.4. Stellar sample
Our sample includes 60 stars that have been identified as Ba
dwarfs or CH subgiants in past studies or as suspected candi-
dates. An important fraction of the present sample was already
included in North et al. (2000), where the authors used radial
velocities from CORAVEL and from the high-resolution CES
(Coudé Echelle Spectrometer, installed at the ESO CAT 1.4-m
telescope) spectra. We complement their data set with HERMES,
CORALIE and SALT data. Several new targets were also added
to the sample. The following objects were monitored:
– 13 confirmed dBa stars from North et al. (1994):
BD+18◦5215, HD 15306, HD 48565, HD 76225, HD 92545,
HD 106191, HD 107574, HD 113402, HD 147609,
HD 188985, HD 202400, HD 221531, and HD 222349;
Article number, page 3 of 25
A&A proofs: manuscript no. dBa_orbits
– 7 targets from Houk & Cowley (1975). Five of them
(HD 18853, HD 24864, HD 26455, HD 31732, and
HD 69578) were reported to have "strong Sr 4077", as
confirmed in North et al. (2000). HD 9529 presents a small
overabundance of yttrium, and BD-18◦255 was afterwards
classified as a CH subgiant by Luck & Bond (1991) and
again as a dBa star by North (1995);
– 2 dBa stars from the catalogue of Lü et al. (1983): HD 50264
and HD 87080. They have been afterwards classified as CH
subgiants by Pereira & Junqueira (2003);
– 3 gBa stars from the catalogue of Lü et al. (1983) which
seem to be either main sequence or subgiant stars in our
HRD (see Sect. 7): HD 22589, HD 120620, and HD 216219.
Their orbital elements were already determined by Udry
et al. (1998a) and Udry et al. (1998b). However, since we
are now able to add new radial velocity data points, we refit
their orbits and include them as barium dwarfs in our sample;
– 1 dBa star from Tomkin et al. (1989): HD 2454;
– 1 dBa star from Houk (1978): HD 109490;
– 2 dBa stars identify by Gray et al. (2011): HD 34654 and
HD 114520;
– 9 mild Ba dwarfs from Edvardsson et al. (1993) with
marginal overabundance of s-process elements with respect
to iron, typically of the order of [s/Fe] ≈ 0.2: HD 6434,
HD 13555, HD 35296, HD 60532, HD 82328, HD 95241,
HD 98991, HD 124850, HD 220117;
– 10 objects listed as suspected Ba dwarfs in Table 2 of Lü
(1991): HD 101581, HD 103840, HD 104342, HD 105671,
HD 117288, HD 146800, HD 170149, HD 177996,
HD 205156, HD 219899. One of them, HD 177996,
has been reported as an active pre-main-sequence star by
Henry et al. (1996) and as a double-lined spectroscopic
binary (SB2) by Soderblom et al. (1998). We confirm the
latter classification from the SALT-HRS data;
– 11 CH subgiants from Luck & Bond (1991): BD-10◦4311,
BD-11◦3853, CD-62◦1346, HD 89948, HD 123585,
HD 127392, HD 141804, HD 150862, HD 182274,
HD 207585, and HD 224621;
– One CH subgiant from McClure & Woodsworth (1990):
HD 130255.
To our knowledge, with a sample of 60 objects, this is the
largest systematic radial-velocity survey of dwarf and subgiant
Ba and CH stars. Table A.1 collects information about the stars
and about the available observations.
3. Orbital analysis
The orbital parameters, i.e., the period (P), the eccentricity (e),
the time of periastron passage (T0), the longitude of periastron
(ω), the velocity semi-amplitude (K1) and the systemic velocity
of the system (γ), were determined for each target by fitting a
Keplerian orbit to its radial-velocity curve (see Table 1). We ob-
tained an initial model by applying a minimisation method using
the dominant frequency found in the periodogram of the radial-
velocity data. We then computed a second model by means of an
iterative non-linear least-square minimisation procedure, which
uses as convergence criterion the comparison of consecutive
variance reductions. Additionally, an extra model was fitted to
the data for which we imposed a circular orbit. For each target,
we applied the Lucy & Sweeney test (Lucy & Sweeney 1971) to
avoid the determination of spurious eccentricities for truly cir-
cular orbits. This test compares the sum of the squared residuals
of the best-fitting eccentric orbit (indicated with the subscript
ecc) with those of a circular fit (indicated with the subscript circ)
through the determination of the parameter p as indicated in Eq.
1:
p =
 Σ(o − c)2ecc
Σ(o − c)2circ
(n−m)/2 (1)
where n is the total number of observations, and m= 6 is the
number of free parameters in an eccentric fit. Lucy & Sweeney
(1971) argued that only when p< 0.05 can the orbit be consid-
ered significantly eccentric.
Once the mentioned parameters were determined from the
radial-velocity fitting, we could also compute the mass function,
f (m), and the apparent orbital separation, a1 sin i, which depend
on P, e and K1. The results are also included in Table 1.
We used a Monte Carlo method to determine the uncertain-
ties of the orbital parameters. We generated 1000 RV curves for
each fitted binary by randomly sampling new RV data normally
distributed around the best-fitting model and within the standard
deviation of the residuals of the fit. The 1σ-uncertainties were
chosen as the standard deviation of each parameter after fitting
these 1000 RV curves. Note that circular orbits have a one-sided
uncertainty and do not have an argument of periastron. The time
of periastron passage is replaced by the epoch of maximum ve-
locity.
Finally, due to the better quality of the HERMES data (see
the error bars of the two data sets in Fig. B.2 as an example),
whenever an orbit could be fully covered with HERMES ra-
dial velocities, we decided to determine the orbital parameters
using only HERMES data. Then data points from other instru-
ments were overplotted to confirm the fit. This was the case for
BD-18◦255, HD 107574, HD 147609 and HD 221531 and it was
tested that the orbital parameters remain the same within errors
when the other datasets were included. This can also be seen as
a confirmation of the offset applied to CORAVEL data and of
the potential of including SALT HRS to determine the orbital
parameters of the long and uncovered southern Ba star systems.
4. Results
Our analysis confirmed binarity for 40 out of our 60 objects and
we constrained 27 spectroscopic orbits. Table 1 lists the orbital
elements derived in this work. Figures with the best-fitting mod-
els and the residuals of the fit are included in Appendix B.
4.1. Single-lined spectroscopic binaries
We derived orbital elements for 25 single-line spectroscopic bi-
naries (SB1). Some of these binaries were already discussed by
North et al. (2000), but their orbital elements were never pub-
lished. However, five of them have spectroscopic orbits pub-
lished and included in the ninth catalogue of spectroscopic bi-
nary orbits (SB9; Pourbaix et al. 2004). As mentioned before,
the orbits of the three stars flagged as gBa stars in the litera-
ture, HD 22589, HD 120620, and HD 216219, were determined
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Fig. 2. Phase-folded HERMES and CORAVEL radial velocities and
best-fitting orbital model for the short orbit of the triple system
HD 48565. The lower panel shows the observed minus calculated (O-C)
residuals of the fit and a shadowed region which corresponds to three
times the standard deviation of the residuals.
by Udry et al. (1998a) and Udry et al. (1998b). Our new orbital
elements are in agreement with theirs within uncertainties. In ad-
dition, Griffin (2018) determined orbital elements for HD 34654
from photoelectric radial velocities, and Willmarth et al. (2016)
determined orbital elements for HD 95241. Our results are also
in good agreement with theirs.
In the following subsections, we focus on some individual
systems with remarkable properties.
4.2. HD 48565
HD 48565 is an SB1 and the dominant signal of its radial-
velocity curve can be best fit by a Keplerian orbit with a period
of 73 days and an eccentricity of 0.22 (see upper panel of Figs.
2 and 3). This period was already constrained by North et al.
(2000), who also noticed a trend on the residuals and suggested
the possible presence of a third star in the system, in a much
longer orbit.
Combining our HERMES observations with CORAVEL and
ELODIE data, we confirm the presence of a trend in the residu-
als (see second panel of Fig. 3) and estimate the orbital elements
of the outer orbit. We assume that the secondary orbit is only a
small perturbation of the primary one so we can fit them inde-
pendently. The best-fitting model of the residuals, with a period
of more than 10 500 days and an eccentricity of almost 0.4 is
presented in the second panel of Fig. 3. The third panel of this
figure shows the modelled radial-velocity curve, which results
from combining the two Keplerian orbits, and the fourth panel
shows the final residuals. To plot the third and fourth panels, we
have accounted for light-time effects (LTE) caused by the mo-
tion of the inner pair around the center of mass of the triple.
We followed Eq. 1 from Torres & Stefanik (2000). The orbital
parameters of the inner and outer orbits are included in the bot-
tom part of Table 1. The systemic velocity of the system was
obtained by fixing γin to zero. Given the ratio of the periods, it
is likely that the triple system is dynamically stable (Tokovinin
2014, Toonen et al. 2016).
Fig. 3. Same as Fig. 2 but as a function of time. The best fitting orbital
model to the residuals is included in the second panel. The combined fit
of both orbits and its residuals are shown in the third and fourth panels,
respectively.
North et al. (2000) suggested that the inner orbit is too small
to have hosted an AGB star, so that the WD must be in the outer
orbit while the other two components are less evolved. However,
the complexity of the evolution of hierarchical triple systems
and the amount of dynamical processes that could have affected
HD 48565 make it difficult to describe the history of the system.
For example, from Eq. 24 of Toonen et al. 2016, we estimate
that Kozai-Lidov cycles in the system are of the order of several
thousand years, which are short enough to have an important ef-
fect on the evolution of the system. Note that for small relative
inclinations, the amplitude of these cycles is zero, so they do not
have to exist, but we do not have enough information to know
if they do or not. Additionally, the derived mass functions are
compatible with the WD being in both orbits. Since we cannot
confidently say in which orbit the WD is, we are cautious about
including HD 48565 in certain parts of our further analysis.
4.3. HD 114520
Although its binarity and the strength of its Sr ii line at 4077 Å
had been reported before, HD 114520 was first classified as a Ba
dwarf by Gray et al. (2011). From high-resolution spectra, they
reported an overabundance of some s-process elements, and no-
ticed that the system was an SB2. They also detected an excess in
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Fig. 4. Intensity map of the CCF profiles of HD 114520 phase-folded
using the orbital period of the SB2 (P = 437.8 days).
Fig. 5. Radial-velocity curves and orbital fit of the components of the
SB2 in HD 114520. The lower panel shows the O-C residuals of the fit
of both components.
the UV, that they associated with a WD companion. This makes
HD 114520 a triple system as well.
We have 81 high-resolution HERMES spectra of HD 114520
obtained over six years, with which we cover several orbital cy-
cles. In Fig. 4, we show an intensity map with all the available
CCF profiles phase-folded with the dominant period found in
the data (∼ 438 days). At given phases, the CCF clearly shows a
double peak confirming the SB2 nature of the system. The good
orbital coverage and the high eccentricity of the system are also
clear from this figure.
We obtained the radial-velocity data of the two components
by fitting a double-Gaussian to the CCF profile of each HER-
MES spectrum. To obtain accurate orbital parameters, we ex-
cluded a few data points obtained at phases of zero or almost
zero relative radial-velocity between the two stars. Disentangling
the two contributions to the CCF at these phases was not easy
and the poor quality of those radial-velocity points strongly af-
fected the orbital fit. The best-fit solution to the two components
is shown in Fig. 5 and the derived orbital parameters are included
in Table 1. We can also calculate the mass ratio between the two
stars as q = m2/m1 = K1/K2 = 0.73. The secondary is probably
another main-sequence star of a cooler spectral-type.
Fig. 6. Double-peaked CCF of two SALT-HRS spectra of HD 26455
(left) and HD 177996 (right).
The derived orbital period must correspond to the inner or-
bit, since Tokovinin et al. (2006) and Tokovinin (2014), among
others, have shown the absence of outer periods shorter than
∼ 1000 days in triple systems with F- or lower-type dwarfs. This
means that the WD companion is in an outer and longer or-
bit. According to the stability criterion discussed by Tokovinin
(2014), the ratio between the long period and the short period
must be higher than 4.7, so the outer orbit of HD 114520 must
have a period of at least 2058 days, although it could be much
longer.
The residuals of the fit do not show any long trend that can
help us confirm the presence of a third body, but notice that our
data covers a period only slightly longer than the minimum sta-
ble outer period of this system. This contrasts with the more than
31 years of time coverage that we have for HD 48565, thanks to
the CORAVEL and HERMES monitoring effort. Additionally,
the residuals are in phase with the orbit, which could hide the
long-period and low-amplitude signal of a third body. Since we
are not able to detect the orbit of the WD companion, we do not
include this object in the subsequent analysis.
4.4. HD 26455 and HD 177996
These two systems show a double-peaked CCF (see Fig. 6) in
at least one of the available SALT spectra. The Ba star must be
an SB2 like HD 114520, but we do not have enough data yet to
solve for the different components. For both systems, there is
no indication that the second component of the SB2 spectra is
the expected WD companion. This suggests that both of these
systems must be triple systems as well.
4.5. Binaries with incomplete orbital phase coverage and
unconfirmed binaries
We could not determine orbits for 33 out of 60 objects in our
sample. However, binary motion is clearly detected for 13 of
them. Some of these were already mentioned as spectroscopic
binaries in North et al. (2000), but we include them again in the
present paper for the sake of completeness. To decide whether
a star is member of a binary system or not, we use the follow-
ing criterion: when the standard deviation of the observations,
std(RV), is higher than three times the average errorbar, σ(RV),
we consider the star to present variability. Table 2 summarises
the results. The confirmed binaries are marked in boldface and
their radial velocities are shown in Fig. B.26 of Appendix B.
Additionally, Fig. B.27 in Appendix B, shows the radial ve-
locity data of the 20 objects for which we cannot prove binary
motion yet. In some cases, this is due to the lack of data (see
HD 105671 in Fig. B.27 as an example). In others, the radial-
velocity changes hint at binary motion, but the measured RV dis-
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Table 2. Spectroscopic binaries with no orbits yet available (marked in
bold face and as "SB" in the last column) and objects with no variability
detected. The second column (std(RV)) gives the standard deviation of
the RV points and the third column (3σ(RV)) gives three times the av-
erage error bar considering all the RV points. We claim that a star is in
a binary system when the number of the second column is higher than
the one of the third.
std(RV) 3σ(RV)
Name [km s−1] [km s−1] Comments
BD-11◦3853 2.37 0.37 SB
CD-62◦1346 2.03 1.70 SB
HD2454(1) 0.5863 0.1917 SB
HD 6434 0.44 0.95
HD 9529 0.59 1.52
HD 13555(2) 0.14 0.33
HD18853 2.43 1.03 SB
HD26455 5.15 1.63 SB2
HD 31732 0.30 1.23
HD 35296 0.24 0.59
HD 60532 0.15 0.31
HD69578 17.99 1.65 SB
HD 82328 0.13 0.25
HD92545 0.50 0.42 SB
HD 101581 0.10 0.88
HD 103840 0.52 0.97
HD 104342 0.58 1.17
HD 105671 0.31 0.94
HD109490 14.67 7.54 SB
HD 113402 1.06 2.91
HD 117288 0.50 1.08
HD 124850 0.42 0.51
HD 130255 0.21 0.43
HD 146800 0.21 0.99
HD 170149 0.42 1.47
HD177996 9.53 1.18 SB2
HD188985 1.03 0.69 SB
HD 202400 4.03 4.21
HD205156 1.40 1.18 SB
HD 219899 0.36 0.96
HD 220117 0.17 0.47
HD222349 3.26 1.35 SB
HD224621 6.32 0.98 SB
Notes. (1) std(RV) and 3σ(RV) have been computed using only HER-
MES data. Binarity is clear from this data set while the CORAVEL
RV points are very scattered (see third panel of Fig. B.26). (2) std(RV)
and 3σ(RV) have been computed excluding the second CORAVEL RV
point, which we considered must be an outlier (see third panel of Fig.
B.27).
persion is still too small for a firm conclusion (e.g. HD 220117
in Fig. B.27).
5. The Hertzsprung–Russell diagram
We developed a method to obtain atmospheric parameters and
luminosities of a sample of more than 400 Ba stars by mod-
elling their spectral energy distributions (SEDs; Escorza et al.
2017). SEDs are mainly sensitive to the effective temperature,
and provide only a limited amount of information about other pa-
rameters, especially about metallicity. In this work, we derived
the stellar parameters of our main sequence and subgiant stars
from HERMES high-resolution spectra whenever available. We
used the bacchus pipeline (Masseron et al. 2016), which uses
Turbospectrum (Alvarez & Plez 1998; Plez 2012), a 1D local
thermodynamical equilibrium (LTE) spectral-synthesis code. An
additional check based on the equilibrium of excitation and ioni-
sation iron abundances derived from Fe i and Fe ii lines was per-
formed to ensure the consistency of the derived atmospheric pa-
rameters (see Karinkuzhi et al. 2018 for more details). The Fe i
and Fe ii lines that we used are listed in Jorissen et al. (2019).
The derived effective temperature (Teff), surface gravity (logg),
metallicity ([Fe/H]), and microturbulence velocity (ξ) are pre-
sented in Table 3. In this manuscript, metallicity is expressed
with respect to the solar value as given by Asplund et al. (2009).
We did this analysis for the 25 stars with a determined SB1 orbit
and for HD 48565, since there is signature of only one star in
its spectra, but we did not include HD 114520. For targets with
no HERMES spectra available, or when the signal-to-noise ratio
of the available spectra was not enough to determine accurate
stellar parameters, we used spectroscopic parameters from the
literature. The relevant references are also included in Table 3.
Once the stellar parameters were derived, we used the SED-
fitting tool described in Escorza et al. (2017) to find the best-
fitting MARCS model atmosphere (Gustafsson et al. 2008) to
the photometry of each target and to obtain the total line-of-
sight extinction (E(B − V)). We used the parameter ranges ob-
tained from the spectroscopic analysis (see Table 3) to limit Teff
and logg, and we fixed the metallicity to the closest available
in the MARCS grid (0.0, -0.25, -0.5 or -0.75). E(B − V) was
the only parameter kept completely free. We integrated the best-
fitting SED models over all wavelengths and used distances from
Bailer-Jones et al. (2018), based on Gaia-DR2 parallaxes (Lin-
degren et al. 2018), to compute accurate luminosities. Note that
the Gaia-DR2 parallaxes were derived from a single-star astro-
metric solution and all our stars are binaries. However, our or-
bital periods are different from one year and we do not expect
this to have a big impact. Table 3 includes the derived extinction
and luminosities. The luminosity errors come from the distance
errors and from the error of the integrated flux. To obtain the lat-
ter, we integrated 1000 additional well-fitting SED models and
used the standard deviation of these new fluxes as 1σ-uncertainty
on the flux. We chose these 1000 models by combining stellar
parameters randomly chosen from normal distributions centred
around the spectroscopic values and within the uncertainties.
Figure 7 shows the position on the HRD of all the dwarf
and subgiant Ba (pink squares) and CH (blue triangles) stars for
which we could constrain an orbit. In these plots, we keep the
classification found in the literature for each star. However, as
mentioned before, the distinction between dBa and sgCH stars
is not very clear, and some targets have been classified as both
in different studies (see Table A.1). In order to decide in which
group to include a star with two classifications in the literature,
we used the following criterion: when the star had [Fe/H] lower
that -0.5, we classified it as a CH star and when it was higher, as a
Ba star. This is a classical criterion, generally used for their giant
counterparts since CH stars were defined as metal-deficient Ba
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Table 3. Effective temperature (Teff), surface gravity (logg), metallicity ([Fe/H]), and microturbulence velocity (ξ) of the objects with a determined
orbit. Column 7 gives the reference of the adopted stellar parameters when no HERMES spectra were available. Column 8 gives the line-of-sight
extinction, and columns 9 and 10 list the derived luminosities and masses. References for the spectroscopic stellar parameters: L&B91: Luck
& Bond (1991); K+13: Kordopatis et al. (2013); K&G14: Karinkuzhi & Goswami (2014); P&J03: Pereira & Junqueira (2003); N+94: North et al.
(1994).
Name Type Teff [K] logg [dex] [Fe/H] [dex] ξ [km s−1] Ref. E(B-V) L/L M/M
BD-10◦4311 sgCH 5858 ± 50 3.9 ± 0.3 -0.65 ± 0.10 1.25 ± 0.07 This work 0.042 ± 0.015 1.99 ± 0.05 0.80 ± 0.10
BD-18◦255 dBa 6800 ± 400 4.3 ± 0.3 -0.18 ± 0.05 2.4 ± 0.5 L&B91 0.015 ± 0.005 4.2 ± 1.2 1.30 ± 0.15
BD+18◦5215 dBa 6452 ± 50 4.4 ± 0.4 -0.50 ± 0.09 0.82 ± 0.09 This work 0.014 ± 0.007 1.86 ± 0.11 1.10 ± 0.10
HD 15306 dBa 6898 ± 50 3.8 ± 0.2 -0.40 ± 0.14 0.9 ± 0.3 This work 0.037 ± 0.007 8.7 ± 2.3 1.30 ± 0.10
HD 22589 gBa 5672 ± 56 3.9 ± 0.2 -0.07 ± 0.09 1.20 ± 0.04 This work 0.048 ± 0.008 6.9 ± 0.8 1.30 ± 0.10
HD 24864 dBa 6337 ± 95 3.82 ± 0.18 0.0 ± 0.11 1.0 ± 1.0 K+13 0.0 + 0.005 9.2 ± 0.6 1.38 ± 0.06
HD 34654 dBa 6174 ± 50 4.4 ± 0.3 -0.09 ± 0.07 1.36 ± 0.04 This work 0.012 ± 0.008 1.8 ± 0.3 1.19 ± 0.05
HD 48565 dBa 6030 ± 100 3.8 ± 0.3 -0.6 ± 0.3 1.3 ± 0.3 K&G14 0.018 ± 0.010 2.8 ± 0.3 0.92 ± 0.05
HD 50264 dBa 5800 ± 100 4.2 ± 0.2 -0.34 ± 0.08 1.0 ± 0.3 P&J03 0.002 ± 0.010 0.89 ± 0.08 0.90 ± 0.10
HD 76225 dBa 6340 ± 50 3.9 ± 0.2 -0.37 ± 0.08 1.30 ± 0.06 This work 0.053 ± 0.010 5.9 ± 0.7 1.21 ± 0.06
HD 87080 sgCH 5483 ± 50 3.6 ± 0.3 -0.60 ± 0.08 1.20 ± 0.04 This work 0.028 ± 0.012 12.5 ± 0.8 1.6 ± 0.2
HD 89948 sgCH 6000 ± 400 4.0 ± 0.3 -0.13 ± 0.05 1.8 ± 0.5 L&B91 0.0 ± 0.003 1.36 ± 0.07 0.95 ± 0.08
HD 95241 dBa 5837 ± 50 3.6 ± 0.2 -0.37 ± 0.07 1.36 ± 0.04 This work 0.0 + 0.008 7.8 ± 0.8 1.30 ± 0.10
HD 98991 dBa 6388 ± 50 2.7 ± 0.4 -0.44 ± 0.08 0.07(1) This work 0.0 + 0.014 14.7 ± 1.0 1.45 ± 0.08
HD 106191 dBa 5946 ± 50 4.3 ± 0.4 -0.29 ± 0.10 1.21 ± 0.06 This work 0.010 ± 0.010 2.0 ± 0.2 0.95 ± 0.05
HD 107574 dBa 6340 ± 100 3.6 ± 0.5 -0.80 ± 0.25 1.8 ± 0.3 N+94 0.0 + 0.005 5.6 ± 0.2 1.11 ± 0.05
HD 120620 gBa 4831 ± 50 3.0 ± 0.3 -0.29 ± 0.10 1.11 ± 0.05 This work 0.055 ± 0.013 12.2 ± 1.6 1.2 ± 0.2
HD 123585 sgCH 6047 ± 100 3.5 ± 0.5 -0.50 ± 0.25 1.8 ± 0.3 N+94 0.054 ± 0.012 3.5 ± 1.0 1.00 ± 0.10
HD 127392 sgCH 5600 ± 300 3.9 ± 0.3 -0.52 ± 0.05 2.6 ± 0.5 L&B91 0.011 ± 0.011 0.98 ± 0.13 0.8 ± 0.3
HD 141804 sgCH 6000 ± 400 3.5 ± 0.3 -0.41 ± 0.05 1.7 ± 0.5 L&B91 0.0 + 0.003 1.77 ± 0.07 0.9 ± 0.2
HD 147609 dBa 6411 ± 50 3.9 ± 0.5 -0.23 ± 0.09 1.26 ± 0.07 This work 0.044 ± 0.007 10.2 ± 1.3 1.40 ± 0.10
HD 150862 sgCH 6182 ± 50 4.1 ± 0.3 -0.33 ± 0.08 0.94 ± 0.06 This work 0.006 ± 0.006 2.2 ± 0.2 1.04 ± 0.05
HD 182274 sgCH 6327 ± 50 4.3 ± 0.2 -0.32 ± 0.09 1.05 ± 0.06 This work 0.012 ± 0.007 2.06 ± 0.14 1.09 ± 0.05
HD 207585 sgCH 5400 ± 300 3.3 ± 0.3 -0.57 ± 0.05 1.8 ± 0.5 L&B91 0.0 + 0.003 3.8 ± 0.8 0.96 ± 0.15
HD 216219 gBa 5900 ± 50 3.6 ± 0.3 -0.17 ± 0.08 1.42 ± 0.04 This work 0.042 ± 0.009 9.9 ± 0.8 1.45 ± 0.10
HD 221531 dBa 6460 ± 100 4.2 ± 0.5 -0.30 ± 0.25 2.4 ± 0.3 N+94 0.0 + 0.004 4.7 ± 1.4 1.20 ± 0.10
Notes. (1) Uncertain value due to the low signal-to-noise ratio of the spectrum around Fe lines.
stars (see, for example, Luck & Bond 1991 or Vanture 1992a,b,c)
with [Fe/H] values ranging from −0.50 to −1.7 (Wallerstein &
Knapp 1998). We stress, however, that this classification based
on metallicity is is not fully satisfactory (e.g. Yamashita 1975),
and should be revised in the future. For example, HD 89948 with
[Fe/H] = −0.13 is referred to as a CH star in the literature, while
HD 48565 with [Fe/H] = −0.6 is defined as a Ba star!
Following this criterion, HD 87080 appears now among main
sequence CH stars, while BD-18◦255 and HD 50264 appear
among the Ba dwarfs. If only one classification was found in
the literature, we kept it independently of the metallicity. The
three stars initially classified as gBa (HD 22589, HD 120620,
and HD 216219) in the catalogue by Lü et al. (1983) are repre-
sented in Fig. 7 with black circles. Their position in the HRD
is more compliant with subgiants as they have not ascended
the RGB yet. From now on, we will add these three stars to
our dwarf and subgiant Ba star sample. Figure 7 is divided in
two panels. The left panel shows an HRD with all the stars in
our sample with [Fe/H] . −0.40 and STAREVOL (Siess et al.
2000; Siess & Arnould 2008) evolutionary tracks computed with
[Fe/H] = −0.50. The HRD on the right panel shows stars with
[Fe/H] & −0.40 and STAREVOL evolutionary tracks computed
with [Fe/H] = −0.25.
A noticeable feature of our HR diagrams is the location
of some of our most massive objects with respect to the
Hertzsprung gap. A considerable fraction of our objects ap-
pear in regions of the HRD, where evolution is fast and not
many stars are expected to be observed. To illustrate this more
clearly, in Fig. 8, we have coloured our evolutionary tracks of
[Fe/H] = −0.25 according to their apparent evolutionary speed.
We have computed the latter as the distance between two points
on a track divided by the age difference between them. Stellar
evolution on the dark blue parts of a track is much slower than
on the light green parts. Although this is a simple approach, it is
good enough to show that several dBa stars occupy rapid phases
of evolution.
Finally, to obtain individual masses for our primary stars, we
used the same method as in Escorza et al. (2017). We derived
the mass by comparing the position of the stars on the HRD with
a grid of evolutionary models computed with the STAREVOL
code (Siess et al. 2000; Siess & Arnould 2008). The grid cov-
ers a wide range of masses, from 0.9 M to 4.0 M with a mass
step of 0.1 M, and four different metallicities, [Fe/H] = 0.0,
−0.25, −0.5 and −1.0. To compute these evolutionary models,
we included a mass-dependent formulation for the overshooting
on top of the convective core, following Claret & Torres (2018),
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Fig. 7. HRD of the dwarf and subgiant Ba (pink squares) and CH (blue triangles) stars for which we could derive orbital parameters in this
work. The three stars initially classified as giants are plotted with black circles. We have distributed the objects in two HRDs to plot them with
evolutionary tracks of the most appropriate metallicity ([Fe/H] = −0.50 in the left panel and [Fe/H] = −0.25 one on the right panel). Evolutionary
tracks have been computed with the STAREVOL code (Siess et al. 2000; Siess & Arnould 2008).
Fig. 8. Same as the right panel of Fig. 7 but with stars of all metallici-
ties included. The colour of the tracks is proportional to an evolutionary
velocity computed as the distance between two points divided by the
age difference between them. Dark blue colours trace much slower evo-
lution than light green ones.
and considered a wind prescription as described by Schröder &
Cuntz (2007) until the beginning of the AGB phase. We also
included some overshooting at the base of the convective enve-
lope, following the exponential decay expression of Herwig et al.
(1997) with fover = 0.1. Finally, we used a grey atmosphere sur-
face boundary condition. The derived masses are presented in
Table 3. The uncertainty on the mass is obtained by deriving the
upper and lower mass limits given the error bars of the spectro-
scopic parameters.
6. Discussion
6.1. Eccentricity-period diagram
Figure 9 presents the eccentricity-period (e − logP) diagram of
Ba stars at different evolutionary stages and metallicities. The
pink squares are the stars flagged as Ba dwarfs and subgiants
including HD 22589, HD 120620, and HD 216219 and the blue
triangles are the dwarf and subgiant CH stars. The two orbits of
the triple system HD 48565 are linked with a dashed line since
we cannot be sure which orbit hosts the WD. The grey circles
and crosses represent, respectively, Ba and CH giant orbits from
the literature (Jorissen et al. 2016, 2019) that we include for com-
parison. The top and on the right panels of Fig. 9 draws the his-
tograms of the period and eccentricity distributions, respectively.
In these diagrams, the giant Ba and CH stars are represented in
grey and the dwarf and the subgiant Ba and CH stars are repre-
sented together in pink. Figure 9 shows that:
– The ranges of observed periods and eccentricities are similar
for all type of objects.
– At short periods (P < 1000 d), we observe both circular or-
bits and a few remarkably eccentric ones. Among the new or-
bits, two CH dwarfs stand out: HD 87080 (P = 274.3±1.9 d,
e = 0.161 ± 0.007) and HD 150862 (P = 291 ± 4 d,
e = 0.28±0.09). We do not have many radial-velocity points
for these objects, but the eccentric orbital model fits clearly
better, and the HERMES point confirms the CORAVEL ec-
centric orbit in both cases (see Figs. B.10 and B.21).
The inner orbit of HD 48565 stands out as well among the
short period binaries. This is likely a result of dynamical in-
teraction in the triple system, as it was discussed in Sect. 4.2.
– At longer periods (P > 1000 d), all barium giants seem to
be eccentric, but among the new systems, we find three with
zero eccentricity.
– Finally, we have giant systems with very long periods
(P > 10000 d) and large eccentricities. Only one Ba dwarf
(HD 95241) populates that region of the diagram, but note
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Fig. 9. Eccentricity-period diagram of dwarf and subgiant Ba stars (pink squares), including HD 22589, HD 120620, and HD 216219, initially
called giants, and of dwarf and subgiant CH stars (blue triangles). The two orbits of the triple system HD 48565 are linked with a dashed line.
Orbits of giant Ba are included as grey circles for comparison (Jorissen et al. 2019). The top and right panels show normalised histograms of logP
and e, respectively.
that among our "uncovered" orbits, we have some confirmed
binaries which will have very long periods as well.
Overall the e − logP diagram of the dwarf and subgiant stars
does not show specific features to distinguish them from their
giant counterparts, apart from the presence of a couple of large-
eccentricity systems at short periods among the CH dwarfs.
6.2. dBa vs. sgCH
Figure 7 corroborates the finding of our earlier work (Escorza
et al. 2017): there is no evolutionary distinction between dwarf
Ba stars and subgiant CH stars. Some "dBa" stars are not real
dwarfs and many "sgCH" stars are located on the main sequence
and are not subgiants. Additionally, we do not see a compelling
metallicity difference between the two classes of stars. Those
stars which are classified in the literature as dwarf Ba stars have,
on average, a higher metallicity than the ones classified as sub-
giants CH stars, but we find outliers among both subsamples.
These two classes of stars look very similar in many aspects,
but there is a noticeable difference between their location on the
HRD. The dwarf CH stars are located on the bottom right part
of the main sequence, so they have a lower temperature and are
less massive than the dwarf Ba stars. CH stars are characterised
by strong G bands due to the CH molecule (Keenan 1942) that
might not be detectable anymore in the spectra of hotter main-
sequence stars. This might be causing a bias in the classification
of s-process-enhanced main-sequence stars making CH dwarfs
appear as the low-mass analogues of Ba dwarfs. These families
of stars would benefit from a new and systematic spectroscopic
classification, but this is beyond the scope of this study. We do
not see this effect on the giant counterparts, Ba and CH giants
occupy the same region on the HRD (see Fig. 7 of Escorza et al.
2017).
6.3. Mass distribution
Figure 10 presents the mass distribution of Ba and CH stars be-
fore (pink coloured histogram) and after (black histogram) they
ascend the RGB. Only objects with determined orbital solutions
are included in Fig. 10 (same systems than in Fig. 9). The masses
of the giants come from Jorissen et al. (2019). The mass dis-
tribution of Ba dwarf and subgiant stars peaks at significantly
lower value than the mass distribution of Ba giants, which peaks
around 2 M. Hence, the Ba and CH stars that we discuss in
this paper will not evolve into the prototypical Ba giants that
are observed, only into the least massive ones. The reason for
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Fig. 10. Mass distribution of dwarf and subgiant Ba and CH stars (solid
pink) and of Ba giants (grey) from Jorissen et al. (2019).
this is likely an observational bias against hotter dwarf Ba stars.
A-type stars rotate typically fast, hence the lines appear broad-
ened in their spectra, which makes detecting and quantifying the
s-process overabundances difficult. Moreover, in this region of
the main sequence, a wide variety of stellar processes can cause
stellar variability (e.g. δ Scuti, γ Doradus and roAp stars) and
chemical inhomogeneities (e.g. Am and Ap stars). The effect of
these could wash out any signature of past mass-transfer in the
spectra. It is likely that some of the delta Scuti stars with sus-
pected WD companions studied by Murphy et al. (2018) gained
enriched material from a former AGB companion, but a system-
atic high-resolution spectral survey at short wavelength is needed
to confirm this hypothesis.
6.4. Mass function and companion masses
The mass function relates the masses of the two components in a
binary (m1 being the mass of the Ba star and m2 being the mass of
the WD companion in our case) and the inclination of the system
(sin i) with the parameters derived from the spectroscopic orbit
(period, P; eccentricity, e; and semi-amplitude, K1) as follows:
f (m) =
m32
(m1 + m2)2
sin3 i = 1.0361 ·10−7 · (1− e2)3/2K31P [M]
(2)
with P expressed in days and K1 in km s−1.
We derived the mass functions of our binaries in Sect. 3
(column 9 of Table 1) and the masses of the primary stars in
Sect. 5 (column 9 of Table 3). We are only missing information
about the orbital inclination to derive the mass of the WD com-
panions. Following the methodology used in Pourbaix & Joris-
sen (2000), Pourbaix & Boffin (2003) and Jancart et al. (2005),
among others, we combined our new orbital solutions with Hip-
parcos astrometric data to derive the astrometric orbit of our
spectroscopic binaries. This had been done for some of our tar-
gets before (Pourbaix & Jorissen 2000), however, the statistical
tests introduced later by Pourbaix & Arenou (2001) and Jancart
et al. (2005) were not applied at the time. We repeated the repro-
cessing of the Hipparcos astrometric data, and only four of our
Table 4. Parallaxes and orbital inclinations from the combination of
spectroscopic parameters and Hipparcos astrometric data and compan-
ion masses of the Ba and CH stars that passed the tests presented in
Pourbaix & Arenou (2001) and Jancart et al. (2005).
ID $ [mas] Inclination [◦] Companion mass [M]
HD 34654 21.5 ± 1.0 80 ± 4 0.621 ± 0.018
HD 50264 14.1 ± 1.1 109 ± 5 0.60 ± 0.05
HD 89948 23.9 ± 0.8 102 ± 3 0.54 ± 0.03
HD 123585 9.5 ± 1.7 64 ± 13 0.66 ± 0.11
Ba and CH stars passed the statistical tests. The obtained paral-
laxes, inclinations and companion masses are presented in Table
4. Since the orbital periods of these targets are far from one year,
one does not expect disagreement in the parallaxes with respect
to the single star solution. The obtained parallaxes are in good
agreement with the Hipparcos (Perryman et al. 1997) and Gaia-
DR2 values (Lindegren et al. 2018). Additionally, the derived
WD masses are compatible with current estimates for field WD
masses (Kleinman et al. 2013) and with the mass distribution of
WD companion of Ba giants obtained by Jorissen et al. (2019).
Only after the third data release of the Gaia satellite, which
will include binary astrometric solutions, will we be able to ob-
tain companion masses for our other systems. In the meantime,
several assumptions can be made about the unknown parameters
in order to model the observed cumulative distribution of the
mass functions. The mass distribution of the primary stars (m1)
is described in our model as a Gaussian centred at a mass µ1 and
with standard deviation σ1. We allow these two parameters to
vary within ranges compatible with Fig. 10. Additionally, it is
safe to assume that the secondary stars are WDs, so their mass
distribution is also described with a Gaussian characterised by
µ2 and σ2, which are also free parameters within ranges compat-
ible with WD masses from Kleinman et al. (2013). Finally, we
need a distribution of orbital inclinations. If we assume that or-
bital planes are randomly oriented in space and take into account
projection effects, we can use the following distribution:
i = arccos(z) (3)
where z is the length of the projection of the unit normal vector
along the line of sight and is uniformly distributed in the range
[-1, 1].
We generated 10 000 random orbits and compared the mod-
elled cumulative distribution with our observations to constrain
the parameters that describe the mass distribution of the two stars
in these systems. Figure 11 shows the comparison of the ob-
served distribution (solid pink line) and the best fitting model
(solid black line). This has been found for a primary mass dis-
tribution centred at 1.2 M with σ1 = 0.1 M and a secondary
(WD) mass distribution centred at 0.64 M with σ2 = 0.02 M.
The distributions are shown in the panel on the top left corner of
Fig. 11. There is a small excess of low mass functions with re-
spect to the best fitting model, which seems to be mostly caused
by HD 107574, a target with a remarkably low mass function
compared with the others (see Table 3). The dashed pink line in
Fig. 11 shows the observed cumulative distribution of mass func-
tions when we exclude this object, and it seems to agree better
with our best fitting model. However, we do not have a reason
to exclude it from our sample. Assuming our value for m1 is
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Fig. 11. Cumulative distribution of the mass functions of Ba and CH
dwarf and subgiant stars (continuous pink line) and best fitting modelled
to the distribution (dashed pink line). Giant Ba stars have been included
in grey for comparison.
correct, the small mass function could be due to a very small
companion mass, or to a very small orbital inclination (of about
16◦ to host a 0.6 M WD), but we can not distinguish between
these two possibilities with the available information.
Webbink (1986) already suggested that the mass-function
distribution of Ba stars can be fitted by a sample of orbits with
a very narrow distribution of Q, where f (m) = Q sin3 i and
several studies have confirmed this for Ba giants (e.g. Jorissen
et al. 1998, Jorissen et al. 2019). Our model (black solid line
in Fig. 11) corresponds to a Gaussian distribution of Q with
µQ = 0.077 M and σQ = 0.01 M. The small sigma of the
Q distribution suggests that m1 and m2 could be correlated.
Finally, Q can also be expressed as follows:
Q = m1
q3
(1 + q)2
[M], (4)
where q = m2/m1 is the mass ratio between the two stars. Ap-
plying the Lucy-Richardson inversion method (e.g. Boffin et al.
1992; Cerf & Boffin 1994) to the distribution of Q values, we
can also obtain the distribution of q (Fig. 12).
6.5. Comparison with evolutionary models
Since the first e−logP diagrams of Ba giants were obtained, a lot
of research was devoted to understanding them. The interaction
between the former AGB star and its less-evolved companion
shapes the orbits in a way that can not be well reproduced by
evolutionary models (e.g., Pols et al. 2003, Bonacˇic´ Marinovic´
et al. 2008). However, Ba stars might have gone through a second
stage of binary interaction when the dwarf ascended the RGB,
which can also affect the eccentricity and the period of Ba giants.
In order to explore the evolutionary link between our Ba
dwarfs and the observed low-mass Ba giants, we computed a
Fig. 12. Probability density function (PDF) of mass ratios of our sample
of Ba and CH dwarf and subgiant stars.
grid of standard binary evolution models with the BINSTAR
code (Siess et al. 2013b). We used input parameters inspired by
our sample of main-sequence Ba and CH stars. The systems that
we modelled were formed by a primary main-sequence star with
M = 1.5 M and metallicity [Fe/H] = −0.25, and a cool WD
companion of M = 0.6 M. We used seven initial orbital periods:
100, 300, 600, 1000, 2000, 3000, and 10 000 days; and four ec-
centricities: 0.2, 0.4, 0.6, and 0.8. We only followed the evolution
of the primary star, for which we used a mass-loss prescription
as described by Schröder & Cuntz (2007) and a grey atmosphere
as surface boundary condition. We considered "standard" binary
interactions assuming that the stars are in solid rotation and that
angular momentum evolution is governed by the effect of tides
and mass loss. We considered that the wind carries away the spe-
cific orbital angular momentum of the star as in the Jeans mode.
In Escorza et al. (2017) we showed that Ba giants accumulate in
the He-clump, so we allowed the primary star to evolve until the
onset of core He-burning and compared the results with known
orbits of giants.
Fig. 13 shows the final orbits of the models that reached the
core He-burning phase (blue circles) together with observations
of Ba giants (orange crosses) that have M = 1.5 M or lower.
The grey triangles are the initial orbital parameters of the mod-
els. When the primary reaches the core He-burning phase, the
initial and final orbital parameters are linked by a dashed line
that shows the evolution of the orbit. Triangles that are not con-
nected to an evolutionary track correspond to models in which
the primary star leaves the RGB after losing most of its mass via
Roche-lobe overflow (RLOF) and does not become one of the
giant Ba systems that we observe. These models do not have a
corresponding final orbit (blue circle) in the figure.
When we compare the observations with the model predic-
tions for this primary mass, we find a few outlying objects. Three
giant systems have periods shorter than those allowed by stan-
dard binary models of this mass (P< 700 d). There is also one Ba
giant with a very long period and a very high eccentricity that our
models cannot reproduce either. As the model with Pinit = 10 000
days and einit = 0.8 shows, it is very difficult to keep such a high
eccentricity after a stage of tidal interaction in the RGB. An-
other object mentioned in Jorissen et al. (2019) but without a
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Fig. 13. Observed and modelled orbits of Ba giants after the binary in-
teraction along the RGB phase. The triangles indicate the initial period
an eccentricity of each BINSTAR model and the blue dots indicate the
final orbital parameters at the time of core-He burning onset. The evolu-
tion of the models that reached the core-He burning phase is represented
by a dashed gray line. Orange crosses are observed orbits of low mass
(.1.5 M) Ba and CH giants from Jorissen et al. (2019).
well-constrained orbit yet, HD 134698, will probably occupy the
same region of the e − logP diagram (the preliminary estimated
period and eccentricity are 10005 days and 0.95). Binary interac-
tion mechanisms, that we do not include in our standard binary
calculations, need to be considered to reproduce all the observed
Ba giant orbits.
7. Summary and conclusions
We combined radial velocity data from four different instruments
to analyse a sample of 60 objects classified in the literature as
dwarf Ba or subgiant CH stars. To our knowledge, this is the
largest systematic radial-velocity survey of dwarf and subgiant
Ba and related stars. We determined accurate orbital parameters
for 27 binaries. Twenty-five of them are SB1s with a polluted pri-
mary and a suspected WD companion. Additionally, HD 48565
is a triple system, for which we constrained both the inner and
outer orbit, and HD 114520 is an SB2. The latter must be a triple
system as well since the two stars that contribute to the spectra
are main-sequence stars enhanced in s-process elements (Gray
et al. 2011). We determined the orbital parameters of the SB2
and concluded that the WD must be in an outer orbit of at least
2058 days, but we did not detect its signature in the residuals of
the orbital fit as we did for HD 48565. In addition, we found two
more SB2s, HD 26455 and HD 177996, but we could not con-
strain their orbits due to a lack of data. Among the remaining
objects of the sample, we confirmed radial velocity variability of
11 of them, but again, we did not have enough data to determine
their orbital parameters. The monitoring of these long period bi-
naries will continue. The other 20 objects do not present clear
variability according to the criterion adopted in Sect. 4.5.
We determined stellar parameters from HERMES high-
quality spectra or adopted literature values coming from high-
resolution spectroscopy to locate the primary stars of our SB1s
on the HRD. We used distances derived by Bailer-Jones et al.
(2018) from Gaia DR2 data to obtain accurate luminosities.
From the comparison of the location of these stars on the HRD
with STAREVOL evolutionary tracks, we have also derived their
masses. Our spectroscopic metallicities show no clear distinc-
tion between stars classified in the literature as dBa or as sgCH
stars and our HRD does not agree with the difference in evo-
lutionary stage that their names suggest. However, we observe
that main-sequence CH stars are cooler and less massive than
main-sequence Ba stars. The HRD also shows that several tar-
gets occupy regions of fast stellar evolution where it is difficult
to observe many stars.
When we compare our sample with a sample of Ba giants,
we see that the mass distribution of main sequence and subgiants
stars peaks at much lower mass than the distribution of masses
of their more evolved analogues. This means that the sample of
dwarf and subgiant stars that we studied does not represent the
precursor sample of the observed Ba giants. We associate this
with an observational bias against the detection of hotter post-
mass-transfer main-sequence stars.
From our orbital analysis, we concluded that the periods and
eccentricities of Ba and CH dwarfs lie on the same region of
the e-logP diagram as the orbital elements of Ba giants. They
also present high eccentricities at short periods like many other
families of post-interaction binaries. Another product of the or-
bital analysis is the mass function of the systems. We combined
our spectroscopic orbital elements with Hipparcos astrometric
data and could obtain the orbital inclination of four of our sys-
tems. Using the mass functions, the primary masses that we de-
termined and these inclinations, we derived the absolute mass
of the four WD companions. The obtained values are consistent
with field WD masses. The combination of spectroscopic orbital
elements and astrometric data is very powerful and, with Gaia
DR3, this method will allow us to put more stringent observa-
tional constraints to the formation and evolution of Ba stars.
Since we cannot determine absolute WD masses for all the
systems yet, we also modelled the mass function distribution of
our spectroscopic binaries, concluding that all these systems can
be represented by a population of binary systems formed by pri-
mary main-sequence stars and WDs with very narrow and Gaus-
sian mass distributions and orbital planes randomly oriented on
the sky. The mass distribution obtained for the primaries peaked
at 1.2 M, which is in good agreement with the masses that we
obtained from independent observations. The secondary mass
distribution is an expected distribution of WD masses as well.
Finally, we used the BINSTAR binary evolution code to
study the evolution of the orbital elements of our main-sequence
stars along the RGB until they become the low-mass Ba giants
that Jorissen et al. (2019) observed. Our models can explain
the majority of the giant orbits with primary mass . 1.5 M,
but we find four unexplained systems, three with short periods
and modest eccentricities and one with a long period and
a very high eccentricity. This might indicate that additional
binary interaction mechanisms are also needed to explain the
orbital evolution of low-mass Ba star systems along the RGB,
independently of the previous interaction during the AGB phase
of the now WD companion.
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Appendix A: Sample
Table A.1: Information about the initial sample considered for this paper including classification of the objects in the literature
(column 3), number of available data points from each instrument (columns 4 to 7) and binarity status after this work (column 8).
Column 7 "OTHER" lists the number of available CORALIE radial-velocity measurements for all targets but for HD 48565, for
which we have no CORALIE data but four ELODIE radial-velocity points.
References for column 3: 1: Luck & Bond (1991); 2: Houk & Cowley (1975); 3: Houk (1978); 4: North (1995); 5: North et al.
(1994); 6: Tomkin et al. (1989); 7: Edvardsson et al. (1993); 8: Lü et al. (1983); 9: Udry et al. (1998a); 10: Gray et al. (2011); 11:
(Pereira & Junqueira 2003); 12: Lü (1991); 13: McClure & Woodsworth (1990)
Binarity type in column 8: SB-O: Spectroscopic binary with determined orbital parameters in Table 1; SB: Confirmed spectro-
scopic binary without available orbit (see Table 2); SB2: Binary with a double-peaked CCF; TS: Confirmed triple system; NV: No
variability detected according to the criterion described in Sect. 4.5.
ID used in this paper Second ID Type (Ref.) CORAVEL HERMES SALT HRS OTHER Binarity
BD-10◦4311 HIP 80356 sgCH(1) 29 20 0 1 SB-O
BD-11◦3853 HIP 73444 sgCH(1) 16 113 0 2 SB
BD-18◦255 TYC 5852-1110-1 dBa(2,3,4), sgCH(1) 14 36 0 0 SB-O
BD+18◦5215 TYC 1724-1717-1 dBa(5) 28 3 0 0 SB-O
CD-62◦1346 HIP 104151 sgCH(1) 4 0 8 0 SB
HD 2454 BD+09◦47 dBa(6) 46 54 0 0 SB
HD 6434 HIP 5054 dBa(7) 11 0 1 0 NV
HD 9529 CD-71◦71 dBa(2,3) 7 0 6 0 NV
HD 13555 BD+20◦348 dBa(7) 8 52 0 0 NV
HD 15306 BD-01◦340 dBa(5) 26 28 0 3 SB-O
HD 18853 HIP 13842 dBa(2) 3 0 8 5 SB
HD 22589 BD-07◦642 gBa(8,9) 20 30 0 0 SB-O
HD 24864 CD-54◦750 dBa(2) 10 0 3 0 SB-O
HD 26455 CD-53◦858 dBa(2) 1 0 4 5 SB2
HD 31732 HIP 22814 dBa(2) 4 0 2 0 NV
HD 34654 HIP 25222 dBa(10) 0 42 0 0 SB-O
HD 35296 BD+17◦920 dBa(7) 16 58 0 0 NV
HD 48565 BD+20◦1552 dBa(5) 30 76 0 4 TS
HD 50264 HIP 32894 dBa(8), sgCH(11) 9 1 1 0 SB-O
HD 60532 BD-21◦2007 dBa(7) 6 40 0 0 NV
HD 69578 HIP 40208 dBa(2) 8 0 3 0 SB
HD 76225 HIP 43703 dBa(5) 3 22 0 4 SB-O
HD 82328 BD+52◦1401 dBa(7) 5 79 0 0 NV
HD 87080 HIP 49166 dBa(8), sgCH(11) 9 1 0 0 SB-O
HD 89948 HIP 50805 sgCH(1) 18 1 0 0 SB-O
HD 92545 BD-11◦2929 dBa(5) 19 72 0 0 SB
HD 95241 BD+43◦2068 dBa(7) 9 61 0 0 SB-O
HD 98991 BD-17◦3367 dBa(7) 8 39 0 0 SB-O
HD 101581 HIP 56998 suspected dBa(12) 9 0 0 0 NV
HD 103840 HIP 58290 suspected dBa(12) 10 0 0 0 NV
HD 104342 HIP 58582 suspected dBa(12) 7 0 0 0 NV
HD 105671 HIP 59296 suspected dBa(12) 6 0 0 0 NV
HD 106191 BD-14◦3478 dBa(5) 29 5 0 0 SB-O
HD 107574 HIP 60299 dBa(5) 21 55 0 0 SB-O
HD 109490 CD-43◦7765 dBa(3) 3 0 0 0 SB
HD 113402 HIP 63812 dBa(5) 8 0 0 0 NV
HD 114520 BD+22◦2550 dBa(10) 0 85 0 0 SB2
HD 117288 HIP 65870 suspected dBa(12) 9 0 0 0 NV
HD 120620 BD-03◦3537 gBa(8,9) 28 3 0 0 SB-O
HD 123585 HIP 69176 sgCH(1) 11 0 0 0 SB-O
HD 124850 BD-05◦3843 dBa(7) 18 86 0 0 NV
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ID used in this paper Second ID Type (Ref.) CORAVEL HERMES SALT HRS OTHER Binarity
HD 127392 HIP 71058 sgCH(1) 10 1 0 0 SB-O
HD 130255 BD+01◦2980 sgCH(13) 26 68 0 0 NV
HD 141804 CD-53◦6286 sgCH(1) 8 0 0 0 SB-O
HD 146800 HIP 80043 suspected dBa(12) 9 0 0 0 NV
HD 147609 BD+27◦2631 dBa(5) 21 41 0 0 SB-O
HD 150862 CD-24◦12805 sgCH(1) 12 1 0 0 SB-O
HD 170149 HIP 90674 suspected dBa(12) 8 0 2 0 NV
HD 177996 HIP 94050 suspected dBa(12) 16 0 2 0 SB2
HD 182274 BD+19◦3996 sgCH(1) 19 11 0 0 SB-O
HD 188985 HIP 98431 dBa(5) 2 0 2 0 SB
HD 202400 HIP 105294 dBa(5) 5 0 9 0 NV
HD 205156 HIP 106560 suspected dBa(12) 17 0 2 0 SB
HD 207585 HIP 107818 sgCH(1) 16 2 2 0 SB-O
HD 216219 BD+17◦4818 gBa(8,9,12) 29 1 0 0 SB-O
HD 219899 HIP 115183 suspected dBa(12) 8 0 0 0 NV
HD 220117 BD+37◦4817 dBa(7) 11 69 0 0 NV
HD 221531 BD-12◦6514 dBa(5) 29 40 0 0 SB-O
HD 222349 CD-57◦8842 dBa(5) 4 0 4 1 SB
HD 224621 HIP 118266 sgCH(1) 4 0 0 0 SB
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Appendix B: Orbital solutions of the Ba dwarfs
Figures from B.1 to B.25 show the RV curves and the best-fitting
solutions of the 25 new orbits obtained in this paper. The up-
per panel of each graph includes, when available for each spe-
cific target, HERMES (black dots), CORAVEL (orange stars),
CORALIE (purple triangles), and SALT (blue squares) radial
velocity data and the best fitting model of the orbit (black solid
line). The lower panel includes the O-C residuals of the fit and a
shadowed region which corresponds to three times the standard
deviation of the residuals.
Figure B.26 shows the available data for the objects that, ac-
cording to the criterion explained and applied in Sect. 4.5, are in
binary systems even though we can not constrain their orbital el-
ement. Finally, Fig. B.27 collects the RV data of all the remain-
ing objects. For some of them, we simply do not have enough
data to be conclusive, while others are probably not binaries.
Fig. B.1. BD-10◦4311
Fig. B.2. BD-18◦255
Fig. B.3. BD+18◦5215
Fig. B.4. HD 15306
Fig. B.5. HD 22589
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Fig. B.6. HD 24864
Fig. B.7. HD 34654
Fig. B.8. HD 50264
Fig. B.9. HD 76225
Fig. B.10. HD 87080
Fig. B.11. HD 89948
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Fig. B.12. HD 95241
Fig. B.13. HD 98991
Fig. B.14. HD 106191
Fig. B.15. HD 107574
Fig. B.16. HD 120620
Fig. B.17. HD 123585
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Fig. B.18. HD 127392
Fig. B.19. HD 141804
Fig. B.20. HD 147609
Fig. B.21. HD 150862
Fig. B.22. HD 182274
Fig. B.23. HD 207585
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Fig. B.24. HD 216219
Fig. B.25. HD 221531
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Fig. B.26. HERMES, CORAVEL, CORALIE and SALT radial velocity data of SB with no orbit yet available
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Fig. B.27. HERMES, CORAVEL, CORALIE and SALT radial velocity data of the targets with non-variable radial velocity data according to our
criterion.
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